The aim of this work is to propose a first-order estimate of the crustal and lithospheric mantle geometry of the Arabia-Eurasia collision zone and to separate the measured Bouguer anomaly into its regional and local components. The crustal and lithospheric mantle structure is calculated from the geoid height and elevation data combined with thermal analysis. Our results show that Moho depth varies from ∼42 km at the Mesopotamian-Persian Gulf foreland basin to ∼60 km below the High Zagros. The lithosphere is thicker beneath the foreland basin (∼200 km) and thinner underneath the High Zagros and Central Iran (∼140 km). Most of this lithospheric mantle thinning is accommodated under the Zagros mountain belt coinciding with the suture between two different mantle domains on the Sanandaj-Sirjan Zone. The regional gravity field is obtained by calculating the gravimetric response of the 3-D crustal and lithospheric mantle structure obtained by combining elevation and geoid data. The calculated regional Bouguer anomaly differs noticeably from those obtained by filtering or just isostatic methods. The residual gravity anomaly, obtained by subtraction of the regional components to the measured field, is analyzed in terms of the dominating upper crustal structures. Deep basins and areas with salt deposits are characterized by negative values (∼−20 mGal), whereas the positive values are related to igneous and ophiolite complexes and shallow basement depths (∼20 mGal).
I N T RO D U C T I O N
The Zagros mountain belt and its foreland basin ( Fig. 1 ) are an area with a huge potential in natural resources (mainly oil and gas). One of the main targets in oil exploration is to characterize the structure of the sedimentary cover and the topography of the crystalline basement. Moreover, oil generation is very sensitive to the heat stored by the source rock and therefore to the tectonic evolution of the entire lithosphere. During the last decade the Zagros fold-and-thrust belt and its foreland basin have been the target of numerous geophysical surveys to unravel the crustal and lithospheric structure of the region. These studies include the analysis of receiver functions in single seismic stations, which provides 1-D lithospheric models (e.g. Doloei & Roberts 2003; Gök et al. 2008; Nasrabadi et al. 2008 ; and references on Fig. 2 ), and over 2-D transects across the Zagros mountain belt (e.g. Paul et al. 2006 Paul et al. , 2010 . Regional tomography models have been also developed to image the upper mantle structure over the whole region (e.g. Al-Damegh et al. 2004; Alinaghi et al. 2007; Manaman et al. 2011) . All these studies show a variable resolution depending on the particular area subject to analysis and the method used. A regional study using a homogeneous methodology giving a reliable and detailed image of the crust and lithospheric mantle variations still lacks.
Gravity modelling when combined with additional techniques and data sets is a powerful tool to gain knowledge in the shallow and deep structure of large regions. In particular, the Bouguer gravity anomaly can be separated in its regional and long wavelength component, related to the contribution of deep-seated lateral density variations, and its local and short wavelength component caused by shallow geological features as sedimentary basins, basement topography, major salt intrusions and igneous and ophiolite complexes.
Several methodologies have been applied by different authors to obtain the residual gravity anomaly for Iran (e.g. Dehghani & Makris 1984; Snyder & Barazangi 1986; Kiamehr 2006; Ardalan et al. 2011) , which provided results with variations exceeding 20 mGal among them. One of the main problems in computing the residual gravity anomaly in the Zagros region is the scarcity of geophysical data to add constraints to this calculation. Accordingly, the best way to validate the calculated Bouguer residual anomaly is by comparing the obtained field with surface geology.
The aim of this work is to provide a first-order estimate of the crustal and lithospheric mantle geometries of the Arabia-Eurasia collision zone and to separate the measured Bouguer anomaly into its regional and local components. In addition to the crustal and lithospheric thickness maps, this study also brings new insights on the geology of the Zagros mountain belt and on the large-scale geodynamics of this segment of the Arabia-Eurasia collision.
G E O L O G I C A L S E T T I N G
The long-lived convergence between Arabia and Eurasia since Late Cretaceous times resulted in subsequent collision stages between Arabia and smaller continental blocks resulting from the breakup of Gondwana until the final closure of the Neo-Tethys Ocean. The Zagros-Oman-Makran orogenic system was built along the north-eastern margin of Arabia whereas the Alborz and Kopet Dag developed along the contacts between Iran and the Caspian Sea and Eurasia, respectively. This long geodynamic evolution became in a complex geological structure characterized by important lateral variations in age, composition and tectonic style over this large region (Golonka 2004; Hatzfeld & Molnar 2010) .
The opening of the Red Sea at the end of Oligocene times separated Arabia from Africa producing the uplift of the Arabian Shield, which exposed the Precambrian crystalline basement. Major N-S trending faults define the SE boundary of the shield and form the Qatar Arch and the Rub al Khali Basin (Fig. 1) . The Arabian Plate consists of a late Proterozoic basement overlain by a thick Phanerozoic cover, including the Paleozoic-Mesozoic pre-orogenic and the Tertiary synorogenic successions (Konert et al. 2001) .
The Arabian Plate flexed down during the evolution of the Zagros orogenic system forming the Mesopotamian foreland basin and the Persian Gulf in front of the Zagros mountain belt and of its SE continuation in Oman. The early foreland depositional sequences are exposed in the Lurestan arc, with a thickness of 1.6 km deposited from the latest Cretaceous to the early Eocene times . The youngest foreland basin to the southwest of the Zagros Front shows more than 5 km of syntectonic deposits (Fars Group) that wedge and thin westwards (Konert et al. 2001) .
The NW-SE-trending Zagros orogenic system is divided in four parallel structural domains ( Fig. 1): (1) the Simply Folded Belt bounded by the Mountain Front Flexure (MFF; Falcon 1961; Berberian 1995; Sepehr & Cosgrove 2004; Emami et al. 2010) (Gök et al. 2008) , along Zagros Mountains (Nasrabadi et al. 2008; Gritto et al. 2008) , on Alborz and its forelands (Nasrabadi et al. 2008; Sodoudi et al. 2009; Radjaee et al. 2010 ) and on Kopet Dag (Nowrouzi et al. 2007) . Results over 2-D transects across the Zagros fold-and-thrust belt (Zagros01 and Zagros03, Paul et al. 2010) . And the black dashed lines are the results from regional tomographic models (Manaman et al. 2011) . Grey lines correspond to the main structural boundaries (see Fig. 1 ). Orange line corresponds to the profile on Fig. 7 . the metamorphic and magmatic Sanandaj-Sirjan Zone separated from previous unit by the Main Zagros Fault (MZF) (e.g. Falcon 1967; Stocklin 1968) and (4) the Urumieh-Dokhtar Magmatic Arc.
In the Simply Folded Belt, the sedimentary cover of the Arabian Plate is detached from the Pre-Cambrian basement and the syntectonic deposits are only preserved in the core of the synclines. The sinuous trace of MFF delineating the Kirkuk Embayment, the Lurestan arc, the Dezful Embayment and the Fars arc ( Fig. 1) is apparently related to the distribution of the Hormuz salt, acting as a decoupling level (Kent 1979; Bahroudi & Koyi 2003; Casciello et al. 2009 ). The Imbricated Zone (IZ) is a highly deformed terrain, formed by a pile of thrust sheets including, from bottom to top, the distal part of the Arabian Margin, ophiolite complexes, volcanic arc complexes, and slices from the metamorphic Sanandaj-Sirjan zone (Braud 1970; Nemati & Yassaghi 2010) . These thrust sheets were carried to the SW above the Kermanshah thrust (Fig. 1) .
In the hanging wall of the MZF, the Sanandaj-Sirjan Zone is a ∼150-200 km-wide belt, NW-SE trending thrusts involving sedimentary and metamorphic Paleozoic to Mesozoic rocks (Alavi 1994; Masoudi 1997) , intruded by Jurassic to early Eocene calcalkaline magmatic rocks and middle Eocene gabbros (e.g. Valizadeh & Cantagrel 1975; Berberian & Berberian 1981; Leterrier 1985; Braud 1987; Masoudi 1997; Baharifar et al. 2004) (Fig. 1) . NE of this unit, the Tertiary Urumieh Doktar magmatic arc defines a 50-100 km-wide belt interpreted as an Andean-type magmatic arc formed on the Iranian continental crust associated to the northwards subduction of the Neo-Tethys Ocean (e.g. Bernard et al. 1979; Martel-Jentin et al. 1979; Berberian et al. 1982; Bina et al. 1986 , Alavi 1994 .
The SE continuations of the Zagros orogenic system are the Oman Mountains and the Makran accretionary prism (Fig. 1) . The Oman foreland basin infill defines a narrow belt (100 km-wide) with a maximum calculated thickness of about 7 km (Ravaut et al. 1997) . The Oman Mountains define an arcuate geometry opposed to the SE termination of the Fars Arc confining a very thick foreland sedimentary succession deposited in front of the Zagros and Oman fold-and-thrust belts (Jahani et al. 2009 ). The most distinctive of the Oman Mountains is the large Semail Ophiolite nappe and its metamorphic sole including high-pressure rocks overriding the Arabian platform deposits (Allemann & Peters 1972 , Stoneley 1975 .
Separated from the Oman Mountains by the Oman Gulf, the Makran accretionary prism shows a relict accretionary prism onshore of middle-upper Miocene age (e.g. Burg et al. 2008 ) and a younger active system developed during the late Miocene-Pliocene offshore (e.g. Ellouz-Zimmermann et al. 2007 ). North of this belt, the Jaz Murian basin is considered the back-arc basin related to the Makran subduction zone, filled with Cenozoic deposits (McCall & Kidd 1982; Glennie et al. 1990) .
The Alborz Mountains, with topography between 3 and 5 km (Fig. 2) , define a large anticlinorium cored by Precambrian basement rocks that are overlain by about 5 km of Phanerozoic sediments (e.g. Ballato et al. 2011) . The Kopet Dag Mountains are located to the east of the Alborz Range, constituting the north-eastern border of the Arabia-Eurasia collision zone. The Kopet Dag is constituted by Hercynian metamorphic basement covered by about 10 km of Mesozoic-Tertiary sediments (mostly carbonates) folded into long linear NW-SE trending folds (Berberian & Berberian 1981) .
A large endorheic basin shapes the northern Central Iran, which is surrounded by the NW Iran block, by the Central Iran block, by the Urumieh-Doktar arc and by the Alborz Mountains (Fig. 1) . Three sub-basins can be differentiated: the Great Kabir basin filled by ∼5 km of alternate Tertiary gypsum, limestone and salt, with frequent diapiric features (Jackson et al. 1990) ; the Qom basin containing a maximum thickness of ∼12 km of Tertiary sediments (Morley et al. 2009) ; and the Alborz foreland basin with ∼7.5 km of Tertiary deposits (Ballato et al. 2011) .
To the north of the Alborz mountain ranges, the South Caspian Basin is characterised by a sedimentary thickness of 20-25 km (Glumov et al. 2004) 
M E T H O D
The methodology used in our analysis consists of two steps:
(1) In the first step we calculate the depth to Moho and depth to base of the lithosphere by means of fitting elevation and geoid anomaly data combined with thermal analysis. The method used in this first step has already been applied in the Gibraltar Arc System and Atlas Mountains and it is described in Fullea et al. (2007) . It assumes local isostasy and a crustal density increasing linearly with depth between predefined values at surface and at the base of the crust. The density of the lithosphere mantle is considered to be temperature dependent. The geoid anomalies are calculated relative to a reference lithospheric column. This reference column serves to calibrate the zero level for the geoid anomalies, and must be selected in such way that physically meaningful results are obtained in our lithospheric model (see Fullea et al. 2007 for details) . In this study, the reference column for geoid anomaly calculations has been chosen in order to fit the crustal thicknesses obtained from previous studies (Fig. 2) . We compare and discuss the obtained lithosphere structure with available data.
(2) In the second step we calculate the 3-D Bouguer gravity anomaly associated with this lithosphere structure that by definition will correspond to the regional Bouguer anomaly. The residual gravity anomaly is obtained by subtracting from the measured Bouguer anomaly the calculated regional field.
In this study we have considered a crustal density varying from 2720 kg m −3 at surface to 2960 kg m −3 at Moho depth, which results in an average crustal density of 2840 kg m −3 . In the results section, the obtained lithosphere structure and residual Bouguer anomaly is discussed in relation to the considered crustal density values. The lithospheric mantle density is ρ m = ρ a [1−α(T(z)-T a )], where ρ a is the density of the asthenosphere (3200 kg m −3 ), α is the thermal expansion coefficient (3.5 × 10 −5 K −1 ), and T a is the temperature at the base of the lithosphere (1300
• C). Sea water density is 1031 kg m −3 . The thermal conductivity is 3.0 W km −1 for the crust and 3.2 W km −1 for the lithospheric mantle. The average radiogenic crustal heat production is 0.7 µW m −3 (Vilà et al. 2010) and null for the lithospheric mantle.
Traditionally the regional/residual Bouguer anomaly separation is achieved by calculating a regional Bouguer gravity field, usually by fitting a low-degree polynomial surface or by applying a lowpass filter to the observed Bouguer gravity anomaly. The resulting regional field by any of these methods is intimately related to the measured field and therefore to the data coverage. An alternative method to calculate the regional gravity component is by assuming that the topographic relief is isostatically compensated. In this way, the resulting regional gravity field is independent on the measured one and reflects more closely the deep structure of the region subjected to study.
We will compare the resulting regional and residual gravity anomalies from our proposed method (combining elevation and geoid data) with these three other methodologies:
(1) Filter: The regional gravity anomaly is calculated by filtering the measured Bouguer anomaly using a Gaussian boxcar filter with a wavelength of 500 km, as proposed in GETECH datafile report.
(2) Crustal isostasy: A crustal model is obtained assuming the Airy hypothesis, where topography is fully compensated by crustal thickness variations. We assume average densities for the crust and lithospheric mantle of 2840 and 3250 kg m −3 , respectively. (3) Lithosphere isostasy: The lithosphere structure is obtained assuming lithosphere isostasy under the additional assumption of pure shear deformation. Therefore, elevation is locally compensated by the crust and the lithospheric mantle, and the ratio between crust and lithosphere mantle thickness is constant everywhere. The averaged densities are 2840 kg m −3 for the crust, 3250 kg m −3 for the lithospheric mantle and 3200 kg m −3 for the asthenosphere. In both crustal and lithosphere isostasy approaches we use a reference column consisting of 38 km thick crust and a total lithospheric thickness of 150 km, which results in an elevation of 0 m above sea level. The regional gravity field is calculated from the resulting lithosphere structures.
D ATA
Topography (Fig. 2) is obtained from the ETOPO1 database (Amante & Eakins 2009 ). The most remarkable feature is the high topography (3500-4000 m) along the Zagros mountain belt, with maximum values in the IZ, extending to the NW into Anatolia. The Iranian Plateau, at the north-east of the Zagros mountain belt, reaches elevations between 700 and 1500 m. The Iranian Plateau is limited by the Alborz Mountains with elevations above 3000 m. The Arabian Plate elevation decreases towards NE from highs of ∼1000 m in the Arabian shield to less than 200 m in the Mesopotamian Foreland and −50 m in the Persian Gulf. To minimize the topographic contribution supported by flexural strength and to avoid unrealistic lateral variations of the Moho and LAB depths we have filtered the elevation using a Gaussian filter of 100 (Sandwell & Smith 1997) . (b) Geoid height (contours every 2.5 m) from EGM2008 global model (Pavlis et al. 2008) . In order to avoid effects of sublithospheric density variations on the geoid, we have removed the geoid signature corresponding to the lower spherical harmonics until degree and order 9. Shading indicates elevation.
km wavelength prior to the calculations of the crustal and lithosphere thicknesses.
The geoid height is taken from EGM2008 global model (Pavlis et al. 2008) , which includes spherical harmonic coefficients up to degree and order 2190. In order to avoid effects of sublithospheric density variations, which are out the scope of this work, we have removed the geoid signature corresponding to the lower spherical harmonics. The wavelengths >4000 km (i.e. degrees 2-8) have therefore been removed from the complete geoid to retain the effects of density anomalies shallower than ∼400 km depth (Bowin 2000) . We discuss in the results section the effect of removing higher degrees on the geoid. The obtained geoid anomaly (Fig. 3b The Bouguer gravity anomaly for Iran comes from GETECH (http://www.getech.com), while for the rest of the region it has been calculated applying the complete Bouguer correction to free air satellite data (Sandwell & Smith 1997) using the FA2BOUG code (Fullea et al. 2008 ) with a reduction density of 2670 kg m −3 . The Bouguer anomaly (Fig. 3a) along the Zagros mountain belt shows minimum values up to ∼−220 mGal striking parallel to the Zagros Main Thrust and indicating the presence of a crustal root. At the Central Iranian Blocks the gravity field achieves values between −120 and −70 mGal, suggesting a thinner crust beneath. The gravity increases towards the Caspian Sea in the northern side of Alborz Mountains reaching values up to 30 mGal. From the High Zagros Thrust towards SW the Bouguer anomaly increases reaching values between −50 and −20 mGal in the Mesopotamian-Persian Gulf Foreland basin and decreasing again towards the Arabian Shield up to ∼−100 mGal. A sharp gradient, parallel to the NE Persian Gulf coast, marks the transition to the Zagros mountain belt.
R E S U LT S A N D D I S C U S S I O N
In this section we summarize and compare the obtained results with available geological and geophysical data.
Crustal and lithospheric thicknesses
The calculated crustal and lithospheric thicknesses resulting from the combined elevation and geoid data with thermal analysis are shown in Fig. 4 , where the level of compensation is beneath the lithosphere-asthenosphere boundary (LAB). Fig. 2 shows a compilation of proposed crustal thickness values, most of them using the receiver function's technique. The results are very variable according to different studies and seismic stations. The Mesopotamian foreland basin is characterized by crustal thicknesses between 38 and 45 km. The maximum Moho depths are situated along the Zagros mountain belt, beneath the Sanandaj-Sirjan Zone (Paul et al. 2010; Manaman et al. 2011) . In general, these maximum values vary between 50 and 55 km, although Paul et al. (2010) propose values exceeding 65 km in SE Zagros. The crustal thickness in the Iranian block is ∼40-45 km increasing northwards to >50 km beneath the Alborz Mountains and ∼50 km in the Kopet Dag chain.
The resulting crustal thickness (Fig. 4a) varies from ∼40 to 44 km at the Mesopotamian foreland basin and Arabian platform to ∼55-62 km beneath the Zagros mountain belt. These values agree pretty well with those proposed from receiver function analysis by Gök et al. (2008) in the Arabian platform and Nasrabadi et al. (2008) , Gritto et al. (2008) and Paul et al. (2010) in the Zagros. In the Iranian blocks the crustal thickness ranges between 40 and 44 km decreasing towards the SE where minimum values of < 36 km in the Lut basin and ∼38 km in the Jaz Murian basin are imaged. The Moho depth increases northwards to the Alborz Mountains with values between 48 and 56 km similar to those obtained by receiver functions (Doloei & Roberts 2003; Sodoudi et al. 2009; Radjaee et al. 2010) , and towards the Kopet Dag Mountains with values between 45 and 54 km in agreement to Mangino & Priestley (1998) and Nowrouzi et al. (2007) . The crustal thickness in the Southern Caspian region decreases to ∼36 km also in agreement with Mangino & Priestley (1998) . These regional crustal thickness values are in general agreement with previous calculations from gravity (e.g. Snyder & Barazangi 1986) and seismic analyses (Fig. 4b) . Most of this lithospheric thinning is produced across the Zagros mountain belt where the suture between the two plates, the MZF, is. The Arabian lithosphere is characterized by the maximum thickness in the study region with LAB depth values of more than 210 km, placed beneath the central Persian Gulf with a NW-SE and N-S trends. Along the Mesopotamian foreland basin the lithosphere thickness decreases from 200 to 100 km towards the Anatolian Plateau. The Iranian Plateau is characterized by LAB depths between 130 and 160 km with minimum values beneath the Lut and Jaz Murian basins of ∼125 and ∼135 km, respectively. This can be explained by the presence of a rheologically strong crust underneath these two basins, which causes accommodation of deformation on their edges (Jackson et al. 1990 ). The lithosphere-asthenosphere boundary dips again towards the N and NE in the Alborz and Kopet Dag mountains. This regional LAB geometry is in agreement with the shear wave velocity distribution obtained from Villaseñor et al. (2001) by inversion of S-wave arrival times and with the results from a seismic tomography experiment (Kaviani et al. 2007 ). According to Kaviani et al. (2007) , the 0.5 km/s difference of Vs in the shallow mantle is likely due to a compositional change associated with higher temperatures beneath the Sanandaj-Sirjan Zone and the Urumieh-Dokhtar Arc than beneath the IZ. Kaviani et al. (2009) also suggested that the very coherent null splitting measurements that they found in the Zagros fold-andthrust belt and the IZ, confirm that both domains are underlain by the same lithospheric mantle (of the Arabian platform). The velocity anomalies obtained by Alinaghi et al. (2007) show that the crust and upper mantle beneath the Iranian Plateau comprise a low velocity domain between the Arabian Plate and the Caspian Block. Sodoudi et al. (2009) interpreted the base of the lithosphere using S receiver functions at a depth of 90 km south of the Alborz Mountains, which is much shallower than our imaged 130 km.
Manaman & Shomali (2010) also found a sharp and steep subcrustal boundary coincident with the MZF, separating two different lithospheric mantle domains. The same authors attributed the high-velocity anomaly imaged beneath Central Iran at depths between 350 and 600 km as a fragment of subducted lithosphere. These observations as well as the sudden changes of shallow mantle velocities along a SW-NE profile crossing SE Zagros, with a sharp boundary under the Zagros suture zone, support the idea that subducted oceanic lithosphere has broken-off under the region of maximum crustal thickness. Lithospheric thinning beneath the Zagros mountain belt and the Iranian Plateau related to recent slab detachment or delamination has been also proposed by several authors (e.g. Bird 1978; Molinaro et al. 2005) . Actually, lithospheric mantle thinning beneath orogens is not an uncommon feature as has also been evidenced beneath the Tibetan Plateau (Jiménez-Munt et al. 2008 ) and the Atlas Mountains (Teixell et al. 2005; Zeyen et al. 2005; Jiménez-Munt et al. 2011) .
We performed a sensitivity test on the resulting crustal and lithosphere thicknesses by varying the removed harmonic spherical polynomials of the geoid height between degree and order 9th and 14th. Increasing the polynomial degree results in a less NW-SE tilting of geoid anomaly and consequently, in a thicker crust and lithosphere on the Arabian Plate (SW corner) and thinner on Iran. However, the variations on crustal and lithosphere thicknesses on the Zagros orogenic system are less than 1 km (<2 per cent) and 10 km (<7 per cent), respectively. Maximum crustal thickness variations are lower than 2 km (<8 per cent) in the Arabian shield whereas the lithosphere thickness varies between 15 and 17 km (∼10 per cent) in eastern Iran and between 12 and 20 km (10-22 per cent) in the Arabian shield.
An outstanding feature of our resulting lithospheric structure is the apparent large strain partitioning between the crust and the lithospheric mantle. This is evidenced by the differences of lateral variations in crust and mantle thickness and then by the regional deformation patterns. The crust show maximum thickness beneath the Zagros mountain belt and the Alborz and Kopet-Dag mountain belts coinciding with regions of high topography whereas minimum to normal values correspond to the Mesopotamian Basin and Arabian Platform. Interestingly, the lithospheric mantle shows an opposite deformation pattern with maximum thickness beneath the Mesopotamian Basin and Arabian Platform and minimum values towards the metamorphic domains of the Zagros mountain belt and the Iranian Plateau. These differences point to a major strain partitioning between the crust and the upper mantle (e.g. Bird 1978; Snyder & Barazangi 1986; Molinaro et al. 2005; Sobouti & ArkaniHamed 1996) . Limitations of the model are the use of potential field data, a simple vertical density distribution and the assumption of local isostasy and steady-state thermal regime. These limitations may result in an excessively smooth crustal and lithospheric mantle thickness geometry avoiding sharp lateral variations in the lithospheric structure.
Regional Bouguer gravity field
Once the crustal and lithospheric mantle structure is computed, the gravity effect of the model has been calculated to obtain the regional component of the Bouguer anomaly field. Calculations have been performed using the same crust and lithospheric mantle densities as in the process of combining the geoid and elevation data and thermal analysis. We have considered a density of 3200 kg m −3 for the asthenosphere and a reduction density of 2670 kg m −3 for water covered regions.
The computed regional gravity anomaly (Fig. 5) follows a trend similar to that of the long wavelength component of the observed Bouguer anomaly, and it mainly reflects the gravity anomalies related to deep-seated density variations. The elongated minimum of ∼−200 mGal beneath the Zagros results from the effect of the crustal root on the gravity signature. Towards the NE, in Central Iran, the regional Bouguer anomaly increases to values of −100 mGal reflecting the combination of the competing effects related to crustal and lithospheric mantle thinning. The Mesopotamian foreland basin and Persian Gulf region is characterized by a relative maximum of ∼−40 mGal in a NW-SE direction related to the prominent lithospheric mantle thickening and 'normal' crust.
It is worth noting that using different methodologies in calculating the regional Bouguer anomaly such as filtering, crustal and lithospheric isostasy and combining elevation and geoid data, may result in similar field patterns but in conspicuous different amplitudes. In all these tested methods, the regional field is characterized by maximum values located in the Mesopotamian Foreland Basin and the Arabian Platform, minimum values along the Zagros and Alborz mountain belts, and intermediate values over Central Iran. However, using a Gaussian boxcar filter of 500 km wavelength results in the lower amplitude variations with a maximum value of ∼150 mGal. Considering local crustal isostasy (i.e. topography is fully compensated by crustal thickness variations) results in a maximum amplitude of ∼200 mGal which increases to >280 mGal when elevation is locally compensated by the crust and the lithospheric mantle under the additional assumption of pure shear deformation. The maximum amplitude corresponding to the presented method combining elevation and geoid data amounts ∼180 mGal and therefore is an intermediate value between filtering and local crustal isostasy. As it is explained in the next section, the election of the regional gravity field has an important influence on the interpretation of the residual Bouguer anomaly field.
Residual Bouguer gravity field
The regional Bouguer gravity field (Fig. 5) has been subtracted from the observed Bouguer anomaly (Fig. 3a) to calculate the residual Bouguer gravity field (Fig. 6) . The latest reflects the distribution of lateral density variations within the crust and highlights concealed geological structures.
The obtained residual gravity anomaly map (Fig. 6) shows a good match between structural units and major changes of the residual gravity field. Local maximum are associated with outcrops of metamorphic basement and magmatic and ophiolitic rocks, whereas minimum values coincide with thick sediment accumulations in basins. The Mesopotamian-Persian Gulf foreland basin is characterized by an elongated minimum of −20 mGal in average.
At the large scale we can differentiate: (i) anomalies occurring in the undeformed Arabian Plate, (ii) a group of anomalies parallel to the tectonic units along the Zagros orogenic system, (iii) a strong positive anomaly that clearly delineates the Oman Mountain Belt, (iv) localized anomalies within the Iran blocks and (v) the anomalies related to the Alborz and Kopet Dag mountains.
The undeformed Arabian Plate
The undeformed Arabian Plate extends to the SW of the Cenozoic Zagros flexural basin (Mesopotamian-Persian Gulf foreland basin). The region is characterized by a relatively homogeneous and positive anomaly in its western region reaching local maxima of >20 mGal and a negative anomaly in the eastern region with values Figure 6 . Residual Bouguer anomaly (contours every 10 mGal) resulting from subtracting the regional gravity (Fig. 5 ) to the measured (Fig. 3a) . Red contours show the igneous complexes and green contours the ophiolite complexes. down to −10 mGal. These two regions are separated by a welldefined N-S gravity boundary extending to the NW Persian Gulf.
The positive anomalies in the western part of the Arabian plate are related to the exposed Precambrian basement of the Arabian Shield that is gently dipping towards the NE. The negative anomalies in the eastern part coincide with the thick Phanerozoic succession in the Arabian Platform where the basement depth exceeds 8 km (Konert et al. 2001) . The nearly N-S gravity boundary separating both regions coincides with the N-S trending set of faults affecting the basement onshore Arabia and beneath the Persian Gulf (Figs 1  and 6 ).
The Zagros orogenic system
In the Zagros orogenic system the residual Bouguer anomalies are organized, from SW to NE, in a series of positive and negative strips parallel to the main tectonic structures: (1) a minimum along the NW-SE trending Mesopotamian-Persian Gulf foreland basin, (2) a band with positive anomalies along the Simply Folded Belt, (3) a relatively continuous negative anomaly along the IZ, and (4) a wide and continuous positive residual anomaly band along both the Sanandaj-Sirjan Zone and the Urumieh-Dokhtar magmatic arc.
A fairly continuous NW-SE trending negative residual Bouguer anomaly (∼−20 mGal) is located along the front of the MFF corresponding to the position of the Mesopotamian-Persian Gulf foreland basin (Figs 1 and 6) . Towards the SE, this NW-SE trending Persian Gulf negative residual Bouguer anomaly connects with a major NE-SW marked negative anomaly located along the northern front of the Oman Mountains. This anomaly is discussed in detail below.
The negative residual Bouguer anomaly along the Mesopotamian-Persian Gulf foreland basin completely matches the irregular geometry of this basin marked by the Kirkuk and the Dezful embayments and by the Pusht-e Kuh and Fars salients (Figs 1 and 6 ). To the NW of the Kirkuk embayment, however, the negative anomaly terminates against a strong positive anomaly coinciding with a basement high. The negative anomaly of the Dezful embayment fits with the basement depth map by Konert et al. (2001) showing maximum depths in this re-entrant and exceeding 11 km, from which the post-Oligocene sediments account for more than 6 km (Sepehr & Cosgrove 2004) . The negative residual Bouguer anomaly of the Mesopotamian-Persian Gulf foreland basin is narrower along the front of the Fars arc due to the large-scale positive anomaly produced around the N-S trending Qatar Arch (Figs 1 and 6 ). Similar features can be observed in the NW side of the Persian Gulf where a roughly N-S trending positive anomaly impinges against the Mesopotamian-Persian Gulf negative anomaly (Fig. 6) .
The Simply Folded Belt shows positive anomalies concentrated in the northern border of the Kirkuk embayment (>40 mGal), the Pusht-e Kuh arc (30-40 mGal), the SE Izeh Zone (>40 mGal) and the Fars arc (20-30 mGal). This general positive anomaly detected in the Simply Folded Belt is triggered by the elevated position of the basement-cover contact with respect to its position in the Mesopotamian foreland basin and Kirkuk and Dezful embayments (e.g. Falcon 1961; Emami et al. 2010) . In the Fars arc the influence of the Qatar Arch produces a relative low in the average positive anomaly. The apparent contradiction between the existence of this gravity low and the Qatar basement high (e.g. Edgell 1996; Jahani et al. 2009 ) is probably related to the extent and distribution of the Hormuz evaporites over the region.
The IZ is defined by a narrow and elongated negative anomaly, with values down to −20 mGal. This elongated low is punctuated by relatively small regions showing positive anomalies that are related to shallower basement-cover contact position (Stern & Johnson 2010) (Fig. 6) . The Imbricate Zone is characterized by the occurrence of ophiolites carried by low-angle thrust faults. The negative anomaly that extent along this tectonic unit can only be sustained if the outcropping ophiolites correspond to very thin slices overlying less dense material at shallow crustal depths. This implies the presence of either thicker cover sequences beneath the thrust sheets (see Vergés et al. 2011) or less dense intrusive magmatic bodies whose existence is more difficult to confirm. The negative Bouguer anomaly extends along the NE border of the Fars arc (the Imbricate Zone in very narrow along the SE Zagros). This anomaly merges with the roughly N-S trending large anomaly constricted between the SE Fars arc and the northern Oman Mountains (Fig. 6) . In this context, the connection of the N-S Strait of Hormuz negative anomaly with the negative anomaly along the NE border of the Fars arc (and Imbricate Zone) would possibly strengthen the interpretation of a thicker cover sequence beneath the thrust system of the Imbricate Zone tectonic unit.
The Sanandaj-Sirjan Zone shows a wide band of positive anomalies, with the maximum values to the NW and SE reaching >50 mGal in close coincidence with ophiolitic belts. The Urumieh-Dokhtar Arc also shows a broad positive anomaly that must be related, as in the case of the Sanandaj-Sirjan Zone, to the large outcrop of metamorphic and non-metamorphic Mesozoic and Paleozoic rocks.
The Oman Mountains and the Makran accretionary wedge
To the SE of the Zagros orogenic system, a very strong-coupled positive-negative anomaly (Fig. 6) delineates the Oman Mountain belt and its foreland basin. The minimum residual Bouguer anomaly reaches values between −40 and −60 mGal whereas the maximum values are over 50 mGal along the northern segment of the Oman Mountains.
The strong negative anomaly detected along the northern boundary of the Oman Mountains is related to the northern continuation of the Oman foreland basin, presently below the Hormuz Straits. This area shows a complex structure characterized by the junction of the Zagros front along the southern Fars arc segment, the Oman Mountains front and the Minab Fault Zone. The Oman Mountains front was uplifted during the Tertiary and then covered again by middlelate Miocene sediments (e.g. Boote et al. 1990; Ravaut et al. 1997; Jahani et al. 2009 ).
The negative residual anomaly along the Oman foreland basin shows an arcuate geometry, parallel to the Oman Mountains trend, and extends beyond the structural line formed by the Zagros and Minab thrust fault zone (Fig. 6) . The Oman foreland basin is characterized by 6-8 km thick Late Cretaceous to Pliocene syntectonic sedimentary succession. The strong positive anomaly observed along the Oman Mountains is related to the occurrence of the ∼6-km thick Ophiolite complex and its metamorphic sole emplaced during the obduction stage.
NE of the Oman Gulf, the Makran accretionary wedge is divided into a negative domain (<−30 mGal) offshore, and a positive domain (>60 mGal) onshore. Although only Tertiary flysch rocks are exposed at surface in this area, the large positive anomaly suggests the occurrence of dense imbricated rocks at depth, as already proposed by Shahabpour (2010) . North of the Makran prism, the Jazz Murian basin is characterised by a new area of negative anomalies (∼−20 mGal), probably related to a relatively thick sedimentary succession.
The Iranian block
The Iranian block define a complex area formed by several minor blocks separated by compressive belts and minor flexural basins individualised during the long Eurasia-Arabia convergence period (Fig. 1) . This complexity is also evident in the residual Bouguer anomaly, which does not display regional trends as in other areas but is characterised by an irregular distribution with values between −30 and 30 mGal (Fig. 6) . Comparing with surface geology, we can correlate these residual anomalies to tectonic elements.
The main negative anomaly is located in the NW Iran block, between the Central Iranian blocks, the Urumieh-Dokhtar arc and the Alborz Mountains, corresponding to the Qom basin, the Great Kabir basin and the Alborz foreland basin (Figs 1 and 6 ). To the east, a minimum of about −30 mGal corresponds to a thickness of about 5 km of alternate evaporites and limestones deposited in the Great Kavir (Jackson et al. 1990) . To the west, a minimum of about −20 mGal corresponds to a maximum thickness of Tertiary sediments of about 12 km (Morley et al. 2009 ). Around these basins, positive anomalies are associated with basement highs and igneous complexes.
In the SW part, a wide negative anomaly (−10 mGal) can be observed in the Lut basin, a long living basin with a thick sedimentary succession, bounded in the north by large igneous complexes associated to local maxima (>10 mGal) and in the west by the Sistan Suture, an ophiolite belt also associated to local maxima (>20 mGal). The northern border of the Central Iranian blocks is also defined by a narrow negative anomaly (−20 mGal).
The Alborz and the Kopet Dag mountain belts
The northern border of the Iranian block is defined by the Alborz and Kopet Dag mountain belts, associated with positive residual anomalies of 40-60 mGal and <30 mGal, respectively (Fig. 6) . The positive anomaly in the Alborz Mountains is in agreement with relatively simple anticlinorium geometry with a shallower basement along its axis. The high values of the residual anomaly in the western part can be correlated with the distribution of the igneous complexes (Figs 1 and 6 ). The Kopet Dag Mountain Belt corresponds to a continuous positive anomaly band bounded by minimum anomalies of <−20 mGal and <−30 mGal in the SW and NE, respectively, and associated with sedimentary basins.
We also studied the effect of changing the crustal density gradient of the model on the residual Bouguer anomaly and the lithosphere structure. The results show that the pattern of the residual Bouguer anomaly is independent of the crustal density gradient and only the amplitudes change slightly. Preserving the average crustal density but considering a higher density gradient, between 2670 kg m −3 at surface and 3010 kg m −3 at Moho depth, the differences of the residual Bouguer anomaly are less than 5 per cent. The newly calculated crustal and lithosphere thicknesses show variations relative to the proposed model of less than 1 and 2 per cent, respectively.
Comparing different residual Bouguer anomaly fields
As mentioned before the measured Bouguer anomaly can be separated into a regional and a residual or local component, and this separation is very sensitive to the used methodology. In a previous section we discussed the differences between the regional Bouguer anomaly fields obtained by filtering, crustal isostasy (Airy model), lithosphere isostasy and combining elevation and geoid. In this section we illustrate the significance of considering different residual Bouguer anomalies in terms of shallow geology, main tectonic units, and related lithospheric structures along a profile crossing the entire Zagros mountain belt and its foreland basin ( Fig. 7 ; location of profile in Fig. 2 ).
1. Using a Gaussian boxcar filter with a wavelength of 500 km (Fig. 7b) , the Mesopotamian-Persian Gulf foreland basin practically has no associated residual anomaly with values between −10 and 10 mGal. In contrast, part of the Folded Belt and the IZ are characterized by negative values with the minimum residual anomaly (∼−40 mGal) beneath the contact between the IZ and the Sanandaj-Sirjan Zone. Surprisingly, the amplitude of this negative anomaly is noticeably higher than that of the Mesopotamian-Persian Gulf foreland basin. Therefore, the residual anomalies obtained by filtering appear to be poorly correlated with surface geology.
2. Assuming a crustal isostatic model the results are more similar to those obtained from elevation and geoid data (with differences up to 30 mGal in the Mesopotamian-Persian Gulf foreland basin). The minimum values (∼−55 mGal) are located in the foreland basin whereas the maximum values are located in the Central Iranian Blocks (∼40 mGal) (see also Snyder & Barazangi 1986 ). Curiously, the residual anomaly derived by crustal isostasy appears to be tilted with respect to that obtained by elevation and geoid being the hinge point at the Sanandaj-Sirjan Zone. Implicit to this method is that the base of the lithosphere is flat (Fig. 7c) , which is difficult to sustain in a tectonic context characterized by continental collision and subduction (e.g. Agard et al. 2011) . Moreover, the amplitude of the geoid height obtained from this lithosphere structure (∼12 m) is much lower than measured (∼24 m) (Fig. 7d) .
3. Assuming a lithosphere isostasy model results in a residual gravity anomaly characterized by large variations due to the large lateral changes in crustal and lithosphere thicknesses (Fig. 7) . The Mesopotamian foreland shows a minimum exceeding −90 mGal, whereas the Zagros mountain belt and the Iranian Plateau are represented by positive anomalies, with maximum values over 85 mGal in the Sanandaj-Sirjan Zone. This results in total amplitude exceeding 180 mGal, which is an extraordinarily high value to be related to shallow structures. Certainly, this model results in crustal thickness values beneath the Zagros orogenic system that are in close agreement with those propose by Paul et al. (2006 Paul et al. ( , 2010 from receiver function analyses. However, the compensation of the obtained crustal structure requires a thick lithosphere beneath the Zagros and a relatively thin lithosphere beneath the Mesopotamian-Persian Gulf foreland basin (Fig. 7c) . This lithosphere structure is in clear disagreement with the seismic velocity anomalies resulting from tomographic models, which predict low velocities and then hot lithosphere beneath the NE Zagros and Iranian Plateau (Manaman & Shomali 2010) . Likewise, the calculated geoid height shows an inverse trend than observed with positive values in the foreland basin region and negative values in the orogenic belt (Fig. 7d) .
C O N C L U D I N G R E M A R K S
The method used, based on the fitting of elevation and geoid height data combined with thermal analysis, allows for a rapid calculation of the crustal and lithospheric thickness over large regions under the assumption of local isostasy and thermal steady state. The new methodology used in separating the residual Bouguer anomaly from the total gravity field results in noticeable differences with respect to methods based on filtering, and crustal and lithosphere isostasy, and shows a better correlation with geological structures.
The crustal and lithospheric mantle structure obtained for the Arabia-Eurasia collision zone coincides fairly well with previous analyses based on seismic experiments, regional tomography and integrated modelling. Maximum crustal thickness values of ∼60 km are located along the IZ between Fars and Lurestan arcs decreasing to ∼42 km towards the Mesopotamian foreland basin and the Persian Gulf and towards the Central Iranian Block. The minimum values are found in the Lut (<36 km) and Jaz Murian (<38 km) basins. The Alborz and Kopet Dag mountains show crustal thicknesses around 50 km.
The most outstanding result is the distinct deformation patterns between the crust and the lithospheric mantle beneath the Zagros mountain belt indicating a strong strain partitioning in the region. The lithosphere thickens beneath the down-flexed Arabian Plate from the Kirkuk Embayment to the Oman Arc with LAB-depth values between 150 and 210 km. Maximum values exceeding 220 km are found in the Persian Gulf and the Qatar Arch following the N-S fault system separating the Arabian Shield from the Rub' al-Khali basin. Minimum lithospheric thickness values (<140 km) are located to the NW of the Zagros (Iranian Plateau) and to the SE (Lut and Jaz Murian basins and Makran and Oman Gulf). Interestingly, the Zagros mountain belt is affected by a progressive lithospheric thinning from the Mesopotamian foreland basin (∼210 km) to the Central Iranian Block (<160 km). The LAB deepens again to the NE towards the Alborz and Kopet Dag mountains and the Eurasian Plate.
The analysis of the residual anomalies across the Zagros orogenic system indicates that: (i) the negative residual in the Mesopotamian foreland basin and the Persian Gulf is compatible with a strong down-flexure of the basement from early Tertiary times; (ii) the positive residual in the Simply Folded Belt indicates a shallower basement with respect to the foreland basin and the IZ; (iii) the negative residual in the IZ suggests that the outcropping ophiolites must correspond to thin slices overlying a thick sedimentary sequence or low density magmatic intrusive bodies; and (iv) the positive residual anomaly corresponding with the Sanandaj-Sirjan and Urumieh-Doktar zones is related to metamorphic and igneous/ ophiolite complexes.
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Additional Supporting Information may be found in the online version of this article: Figure S1 . Regional Bouguer anomaly (contours every 10 mGal) calculated using the four different methods described on the text: (a) from the lithosphere structure obtained combining elevation and geoid data (same figure than Fig. 5) ; (b) filtering the measured Bouguer anomaly using a Gaussian boxcar filter with a wavelength of 500 km; (c) from a lithosphere structure obtained assuming Airy crustal isostasy; (d) from a lithosphere structure obtained assuming lithosphere isostasy under pure shear deformation. Shading indicates elevation. Figure S2 . Residual Bouguer anomaly (contours every 10 mGal) resulting from subtracting the regional gravity (Fig. S1 ) to the measured (Fig. 3a) . Shading indicates elevation.
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